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In Brief Loebrich et al. show that CPG2 acts as a structural and functional link between the F-actin cytoskeleton and the endocytic machinery at excitatory postsynaptic sites. They identify a new component of the endocytic complex, EndoB2, as a CPG2 partner required for activitydependent glutamate receptor endocytosis, a key aspect of synaptic plasticity.
INTRODUCTION
Clathrin-mediated endocytosis (CME) of postsynaptic glutamate receptors is central for implementing long-term depression (LTD) and other forms of synaptic plasticity [1] . CME requires functional and temporal orchestration of numerous participating endocytic proteins. There is significant evidence that, in mammalian cells, CME relies on an active F-actin cytoskeleton at various stages in the life cycle of an endocytic vesicle (reviewed in [2, 3] ). Despite the demonstrated functional link between F-actin and CME, little is known about the mechanisms underlying the coupling of these modules. Endocytic proteins, such as Hip-1 and dynamin, are known to interact indirectly with the actin cytoskeleton [4, 5] , whereas others can associate with actin nucleating factors (reviewed in [2, 6] ). However, none of these interactions were shown to be required for CME of synaptic glutamate receptors. Candidate plasticity gene 2 (CPG2) is an activity-regulated gene product of Syne1, enriched at endocytic zones within dendritic spines [7] . PKA-dependent association of CPG2 with F-actin is required for glutamate receptor internalization [8] . Here, we identify a direct physical interaction between CPG2 and EndoB2 and show that, by recruitment of this previously uncharacterized component of the endocytic machinery, CPG2 tethers the endocytic apparatus to the F-actin cytoskeleton in dendritic spines. We further show that this interaction is essential specifically for activity-dependent, but not constitutive, internalization of synaptic glutamate receptors.
RESULTS

Identification of Endophilin B2 as a CPG2 Binding Partner
We previously showed that CPG2 is enriched at the endocytic zone in dendritic spines, where it regulates constitutive and activity-dependent internalization of synaptic glutamate receptors [7] . Two coiled-coil regions in the CPG2 C terminus form a bipartite F-actin-binding motif critical for its function in regulating endocytosis [8] . However, the mechanism by which the CPG2/ F-actin association couples the endocytic process to the spine cytoskeleton remains unclear. In an unbiased approach to identifying CPG2-binding proteins that might be part of, or closely associated with, the endocytic machinery, we immuno-isolated CPG2 from rat brain, resolved the samples by SDS-PAGE, and stained with silver nitrate for proteins that co-precipitate with CPG2 ( Figure 1A ). CPG2 was detected as a band of the expected 105-kD size. One additional band at 56 kD co-precipitated with CPG2, but not with control IgG ( Figure 1A , left panel, arrow). After excision and tryptic digest, mass spectrometry identified the 56-kD band as the BAR-domain-containing protein, endophilin B2, hereby referred to as EndoB2.
We validated the interaction between CPG2 and EndoB2 by testing the ability of CPG2 to pull down EndoB2 in a heterologous expression system. HEK293T cells were co-transfected with vectors encoding V5-tagged EndoB2 and HA-tagged full-length CPG2. Western blotting confirmed HA-CPG2 and V5-EndoB2 expression in HEK293T cell lysates ( Figure 1B , input) and enrichment for HA-CPG2 by immunoprecipitation with a-HA antibodies. Consistent with EndoB2 binding to CPG2, V5-tagged EndoB2 specifically co-immunoprecipitated with HA-CPG2, but not with control IgG ( Figure 1B ). Together, these results identify EndoB2 as a CPG2 binding partner and demonstrate that this interaction can be recapitulated in a heterologous expression system.
CPG2 Interacts Directly with EndoB2 through a CoiledCoil Motif
To identify the minimal binding region in CPG2 required to mediate its association with EndoB2, we performed a structure-function analysis, co-expressing V5-tagged EndoB2 in HEK293T cells with numerous HA-tagged CPG2 truncations ( Figure 2A ). The CPG2 spectrin repeat and the first coiled-coil were dispensable for association with EndoB2 because the N-terminal half of the protein (fragment N1) failed to bind V5-EndoB2 ( Figure 2B, top) . In contrast, the C-terminal C6 fragment was highly effective in co-precipitating EndoB2. Further dissection of the C terminus showed that a C5 fragment harboring the second and third CPG2 coiled-coil motifs is sufficient for association with EndoB2 ( Figure 2B , middle). A construct (M1) containing only the middle CPG2 coiled-coil domain could also precipitate V5-EndoB2, suggesting that amino acids 798-876 in CPG2 represent the minimal binding region for association with EndoB2. This minimal binding region was defined as CPG2 fragment M2. Due to its small size, the HA-tagged M2 fragment was difficult to immunoprecipitate directly. We therefore inserted a GFP molecule between the HA tag and the M2 fragment, to increase its size, allowing its immunoprecipitation with the anti-HA antibody ( Figure 2B , bottom, input). In this context, the M2 fragment was able to co-immunoprecipitate V5-tagged EndoB2, suggesting CPG2 amino acids 798-876 are sufficient to bind EndoB2 ( Figure 2B, bottom) .
To identify the region in EndoB2 mediating its association with CPG2, we performed a similar structure-function analysis, coexpressing HA-tagged full-length CPG2 with FLAG-tagged EndoB2 truncations in HEK293T cells. Endophilins comprise an N-terminal BAR domain required for association with the plasma membrane, a variable linker region, and a C-terminal SH3 protein-protein interaction domain for association with proline-rich regions [9] . The BAR domain is composed of three helical stretches (H1-3) of variable length ( Figure 2C ). We tested numerous truncations of EndoB2 and found that the SH3 domain is insufficient for association with CPG2 (not shown). A construct harboring most of, but not the entire, BAR domain of EndoB2 (N152) also failed to associate with CPG2 ( Figure 2D ). In contrast, binding to CPG2 was reconstituted in a construct expressing 34 additional amino acids (N186), restoring the full second helical region in the BAR domain of EndoB2. These data suggest that CPG2 and EndoB2 bind each other directly via a 78-aminoacid region in CPG2 encompassing the second coiled-coil and a 34-amino-acid region within the second helical segment of the EndoB2 BAR domain.
CPG2 and EndoB2 Interact with Each Other at Synapses
We next tested for an endogenous CPG2-EndoB2 interaction in neurons. Cultured hippocampal neurons were co-stained using antibodies against both CPG2 and EndoB2. Consistent with the role of both proteins in synaptic CME, endogenous EndoB2 and CPG2 co-localized in dendritic spines ( Figure 3A) . We quantified this co-localization and found that more than two-thirds of CPG2 puncta were positive for EndoB2 ( Figure 3B ). To test whether the two proteins interact at this locale, we prepared synaptoneurosomes (shown as enriched for PSD95; Figure 3E ) from rat brain and performed immunoprecipitations (5% of input fraction shown in Figure 3D ). An antibody against EndoB2, but not control IgG, showed co-purification of CPG2 ( Figure 3C , left). This antibody is specific to EndoB2: it recognizes a 56-kD band from rat whole brain lysate that is not present when the antibody is pre-exposed to the immunogenic peptide ( Figure 3F ). Furthermore, the antibody recognizes V5-tagged EndoB2, but not endophilin A3 purified from HEK239T cell lysates ( Figure 3G ). Co-immunoprecipitation in the reverse direction with a CPG2-specific monoclonal antibody [7] specifically co-immunoprecipitated EndoB2 ( Figure 3C, right) . Thus, CPG2 is physically associated with EndoB2 in dendritic spines.
CPG2 Acts as a Physical Linker between EndoB2 and the F-Actin Cytoskeleton
We previously showed that CPG2 associates with F-actin in dendritic spines [8] . One possibility is that CPG2 independently interacts either with F-actin or EndoB2 and that both interactions are required for synaptic glutamate receptor CME. A more-interesting alternative is that CPG2 mediates a tripartite interaction, simultaneously binding EndoB2 and F-actin. By acting as a physical linker between the two, CPG2 would effectively tether EndoB2 and the endocytic machinery to the F-actin cytoskeleton. To investigate this possibility, we performed an in vitro F-actin-binding assay. In brief, globular actin was allowed to polymerize in the presence of ATP under high salt conditions. Plasmids containing the EndoB2 or CPG2 ORF were transcribed and translated in vitro using a reticulocyte lysate in the presence of 35 S-radiolabeled methionine and added to the polymerized actin. Actin filaments were then collected by ultracentrifugation, and association of EndoB2 with F-actin was assessed by quantifying the ratio of autoradiography signal in the pellet versus supernatant. In the absence of CPG2, EndoB2 did not precipitate with actin filaments ( Figure 4A , left panel). Consistent with our earlier findings, CPG2 showed robust association with F-actin [8] . When CPG2 was co-expressed with EndoB2, a significantly greater fraction of EndoB2 associated with F-actin ( Figures 4A,  right panel, and 4B ). These results show that, in vitro, EndoB2 does not bind F-actin but can be recruited to F-actin by CPG2.
To test whether endogenous EndoB2 was recruited to the cytoskeleton by endogenous CPG2 in dendritic spines, lentiviral-infected hippocampal neurons expressing control or a CPG2 knockdown construct were treated with ice-cold Triton X-100. This solubilizes plasma and internal membranes and washes away cytosolic components, leaving the cytoskeleton and its associated proteins intact [8, 10] . After extraction with Triton X-100, neurons were fixed and labeled with rhodamine phalloidin to visualize the actin cytoskeleton and immunostained to visualize endogenous EndoB2 ( Figure 4C ). Knockdown of endogenous CPG2 led to a significant decrease in EndoB2 immunoreactivity in F-actin-labeled spines after extraction ( Figure 4D ).
We previously showed that CPG2 associates with F-actin in a PKA-dependent manner. Preventing PKA phosphorylation of CPG2, either by pharmacological blockade of PKA or through mutation of the target serines on CPG2, abrogates glutamate receptor internalization, suggesting CPG2's association with F-actin is critical for its function [8] . A CPG2 S890A/S913A double mutant (PKAabol) that cannot be phosphorylated by PKA at these specific sites fails to bind F-actin, whereas a CPG2 phosphomimetic S890E/S913E double mutant (PKAmim) constitutively associates with the spine cytoskeleton [8] . To test whether CPG2's PKA target sites are critical for anchoring EndoB2 to the F-actin cytoskeleton, cultured hippocampal neurons were infected with a lentivirus that knocks down endogenous CPG2 and replaces it with either wild-type CPG2, PKAabol, or PKAmim. After Triton X-100 extraction, knockdown of endogenous CPG2 and replacement with the PKAabol mutant could not rescue loss of EndoB2 binding to the cytoskeleton (Figures 4E and 4F ). In contrast, replacing CPG2 with the constitutively active F-actin-binding PKAmim mutant increased the amount of EndoB2 bound to F-actin ( Figures 4E and 4F ). The increase above WT was not statistically significant, consistent with our earlier observation that CPG2 seems to be predominantly actin bound [8] .
CPG2 Tethers Endocytic Machinery to the Cytoskeleton through EndoB2
To examine whether this physical link that CPG2 forms between the cytoskeleton and EndoB2 extends to other components of (legend continued on next page) the endocytic machinery, we first confirmed that EndoB2 and clathrin heavy chain co-localize in dendritic spines. Triple labeling of V5-EndoB2, clathrin-GFP, and PSD95-tdTomato expressed in cultured neurons, revealed that EndoB2 and clathrin co-localize in the direct vicinity of the postsynaptic density (Figure 5A ). Further, CPG2 was found to co-localize with endogenous clathrin in dendritic spines ( Figure 5B ). These results show that CPG2, clathrin heavy chain, and EndoB2 co-localize at the endocytic zone in postsynaptic compartments.
We next asked whether cytoskeletal anchoring by CPG2 extends beyond EndoB2 to other components of the endocytic machinery. We tested whether clathrin heavy chain, a core (E) Representative immunofluorescence images of dendritic spines from cultured hippocampal neurons infected with a virus harboring a CPG2 knockdown hairpin and either a control or mutated CPG2 replacement construct. PKAabol, a phospho-incompetent S890A/S913A mutant, unable to be phosphorylated by PKA, fails to bind F-actin. PKAmim, an S890E/S913E mutant that mimics constitutive PKA phosphorylation. Spine heads are visualized by staining for F-actin; endogenous EndoB2 is immuno-stained in green. The scale bar represents 2 mm. (F) Quantification of EndoB2 fluorescence intensity in dendritic spines shown as normalized mean intensity ± SEM: relative to wild-type replacement CPG2: 0.59 ± 0.05 for PKAabol, n = 3 experiments: 19 cells for wild-type, 24 cells for PKAabol; 1.81 ± 0.38 for PKAmim, n = 3 experiments: 16 cells. **p < 0.01; Student's t test; ns, not significant. component of the endocytic machinery, was cytoskeletally attached and whether this attachment was CPG2 dependent. Triton X-100 extracted neurons were infected with lentivirus expressing a control construct or the CPG2 knockdown construct [7, 8] . The intensity of clathrin heavy chain immunofluorescence in dendritic spines was significantly reduced when CPG2 was knocked down as compared to control ( Figures 5C, left, and 5D ).
To test whether clathrin anchoring to the cytoskeleton via CPG2 is mediated through EndoB2, we designed three independent short interfering hairpins against EndoB2 ( Figure S1A) . Two of these, hairpins 62 and 379, showed robust knockdown of EndoB2 protein in cultured neurons (Figures S1B-S1G). Other synaptic proteins were unaffected ( Figure S1H ), and EndoB2 expression was fully rescued by a replacement construct co-expressing EndoB2 with a silent mutation conferring hairpin resistance, together with the hp62 hairpin ( Figure S1I ), confirming that knockdown was specific. Similar to the effect of knocking down CPG2, knockdown of EndoB2 using hp62 significantly reduced clathrin heavy chain association with the spine cytoskeleton after Triton X-100 extraction (Figures 5C, right, and 5D). Clathrin cytoskeletal association could be rescued by the EndoB2 replacement construct ( Figures 5C and 5D) . Because CPG2's association with F-actin, and recruitment of EndoB2 to the cytoskeleton, are dependent on phosphorylation of CPG2 by PKA on specific serine residues, we predicted that clathrin heavy chain cytoskeletal attachment would be similarly dependent on CPG2 phosphorylation at these sites. Indeed, endogenous CPG2 knockdown and replacement with either the PKAabol or PKAmim mutants reduced or increased, respectively, clathrin heavy chain immunoreactivity in association with the spine cytoskeleton in Triton X-100 extracted neurons (Figures 5E and 5F ).
Together, these data demonstrate that CPG2 physically anchors components of the endocytic machinery to the F-actin cytoskeleton via direct interaction with EndoB2 and that association of these components with the cytoskeleton is regulated by PKA-targeted phosphorylation of CPG2.
EndoB2 Is Required for Activity-Dependent Glutamate Receptor Internalization CPG2 was previously shown to be required for both constitutive and activity-dependent glutamate receptor internalization [6] . Our finding that EndoB2 bridges between CPG2 and components of the endocytic machinery suggests it also plays a role in CME of synaptic glutamate receptors. To investigate this possibility, we performed a biochemical internalization assay to quantitatively assess glutamate receptor endocytosis in cultured cortical neurons that were uninfected or infected with lentivirus expressing tdTomato alone or expressing tdTomato along with EndoB2 hp62. Constitutive internalization of AMPA-and NMDA-type glutamate receptors seemed unaffected by EndoB2 KD (Figures 6A and 6B) .
We next tested EndoB2's role in activity-dependent glutamate receptor internalization by performing the receptor internalization assay after increasing global activity in cortical cultures by treatment with picrotoxin, a GABA A receptor open channel blocker. Picrotoxin treatment has been shown to induce robust internalization of glutamate receptors, in particular GluA1-containing AMPA receptors [11] . We found a similar result, an almost 3-fold increase in GluA1 internalization in response to picrotoxin ( Figure S2) . Surprisingly, EndoB2 knockdown resulted in a significant decrease in activitydependent internalization not only of GluA1 glutamate receptor subunits but also of GluA2 and GluN1 subunits ( Figures 6C  and 6D ).
The biotinylation assay represents internalization of all surface receptors, both synaptic and non-synaptic. To examine whether the role of EndoB2 in activity-dependent glutamate receptor trafficking was relevant to synaptic receptors, we used a fluorescence-based assay for surface labeling of live-cultured hippocampal neurons with antibodies directed against the extracellular N terminus of GluA1. GluA1 surface labeling of neurons infected with a tdTomato-expressing control construct shows clear staining of synaptic puncta. Application of the glutamate analog NMDA, a paradigm of chemical LTD, results in activity-mediated GluA1 receptor internalization visualized by a significant decrease in puncta intensity ( Figures 6E and 6F) . Knockdown of either CPG2 or EndoB2 prevented NMDAinduced GluA1 internalization ( Figures 6E and 6F ). The effect of CPG2 knockdown on NMDA-induced GluA1 internalization could be rescued by expression of a hairpin-resistant CPG2 or by expression of the PKAmim mutant, but not by expression of the PKAabol that prevents CPG2 cytoskeletal association ( Figure S3 ).
Whereas these results do not rule out a role for the CPG2-EndoB2 interaction in internalization of non-synaptic receptors, they do demonstrate that the CPG2-EndoB2 interaction is important for facilitating activity-dependent internalization of synaptic glutamate receptors, consistent with enrichment of both CPG2 and EndoB2 to dendritic spines.
Association of CPG2 with EndoB2 Is Required for Activity-Dependent Glutamate Receptor Internalization
To determine whether the role of EndoB2 in activity-dependent endocytosis of glutamate receptors is dependent on its interaction with CPG2, we disrupted the binding of endogenous EndoB2 and CPG2 by overexpressing M2, the minimal CPG2 fragment required for EndoB2 binding (Figures 2A and  2B ). M2 (amino acids 798-876) fused to GFP, or GFP alone, was cloned into a lentiviral vector ( Figure 7A ). Expression of GFP-M2, but not GFP alone, completely prevented co-immunoprecipitation of V5-EndoB2 with HA-CPG2 in HEK293T cell lysates ( Figure 7B ), demonstrating that it can abrogate CPG2 binding to EndoB2. We then performed the biochemical internalization assay on cultured cortical neurons that were either uninfected or infected with lentivirus expressing GFP alone or GFP fused to the M2 fragment. Similar to EndoB2 KD, overexpression of the GFP-M2 fragment showed no effect on constitutive cycling of AMPA-or NMDA-type glutamate receptors ( Figures 7C and 7D) .
In contrast, the presence of GFP-M2 significantly impaired activity-dependent internalization of GluA2, GluN1, and GluA1 in response to picrotoxin (Figures 7E and 7F) . To confirm that disrupting the CPG2-EndoB2 interaction is relevant to synaptic glutamate receptor internalization, we again used the GluA1 surface-labeling assay. Surface staining of live-cultured hippocampal neurons infected with only GFP showed a robust decrease in punctate GluA1 immunoreactivity in response to NMDA treatment ( Figures 7G and 7H) , whereas neurons infected with GFP-M2 showed no NMDA-dependent GluA1 receptor internalization ( Figures 7G and 7H ). These data demonstrate that the association between CPG2 and EndoB2 is critical for activity-dependent, but not constitutive, glutamate receptor internalization.
DISCUSSION
The EndoB2-CPG2 Interaction as a Structural Bridge between F-Actin and the Endocytic Machinery Here, we describe a direct interaction between CPG2 and EndoB2 that structurally tethers EndoB2 and, through it, other components of the endocytic machinery such as clathrin, to the F-actin cytoskeleton in dendritic spines. We show that this interaction is critical for activity-dependent internalization of synaptic glutamate receptors. Many studies have implicated the actin cytoskeleton in mammalian CME, predominantly through pharmacological blockade of F-actin polymerization or filament turnover [12] [13] [14] (reviewed in [3] ). In particular, CME of synaptic glutamate receptors is known to require actin remodeling [15] [16] [17] . Some actin-associated proteins have been shown to regulate AMPA or NMDA receptor trafficking either directly or indirectly, e.g., a-actinin via the LIM-and PDZ-domain containing protein RIL [18] or the Arp2/3 complex by association with Shank3 [19] . Yet how the functional requirement for actin relates to the endocytic machinery at the molecular level has been unclear. (A) Constitutive cycling of glutamate receptor subunits measured in a biotinylation assay: surface proteins of cultured cortical neurons infected with indicated virus were labeled at 4 C with a cleavable biotin tag. After 30 min at 37 C to allow for glutamate receptor internalization, remaining surface labels were stripped and internalized membrane proteins were affinity purified and probed on western blots for GluA2, GluN1, and GluA1. Representative examples are shown as labeled. Bottom panel shows actin levels confirming equal input material.
(B) Quantification of constitutive receptor cycling in the biotinylation assay shown as percent of control ± SEM: 114% ± 18% for GluA2, p = 0.34, Student's t test; 110% ± 10% for GluN1, p = 0.27, Student's t test; 127% ± 40% for GluA1, p = 0.67, Student's t test; n values indicated in parentheses for each condition.
(C) Activity-dependent internalization of glutamate receptors in the same biotinylation assay as described above but after treatment with 100 mM picrotoxin (see Figure S2 for effect of picrotoxin on internalization of AMPA receptor subunits).
(D) Quantification of activity-dependent internalization shown as percent of control ± SEM: 81% ± 8% for GluA2; 73% ± 9% for GluN1; 48% ± 16% for GluA1; n values indicated in parentheses for each condition. *p < 0.05; Student's t test.
(E) Immuno-staining of surface GluA1 in neurons infected with tdTomato alone, CPG2 hairpin, or endophilin B2 hairpins 62 and 379 under control conditions (left panel) or after NMDA-induced AMPA receptor internalization (right panel; see Figure S3 for effect of CPG2 PKA mutations on NMDA-induced synaptic AMPA receptor internalization). The scale bar represents 15 mm.
(legend continued on next page)
Several components of the endocytic machinery have been shown to interact indirectly with actin. For example, EndoB2 was shown to associate with the cytoskeletal linker protein plectin 1 [20] in non-neuronal cells. Dynamins can bind the F-actin-binding proteins profilin II [21] , cortactin [22] , Abp1 [23] , SNX9 [24] , and intersectin [25] . HIP1, which binds to clathrin and the adaptor complex [26] and plays a role in GluA1 internalization [27] , can dimerize with its close relative HIP1R [5] , an actin-binding protein required for CME [4] . The relevance of these interactions to glutamate receptor CME has not been demonstrated. We previously showed that CPG2 binds to F-actin at neuronal synapses [8] . Here, we show that CPG2 is also a direct binding partner of EndoB2, a member of the endophilin family whose role in CME has previously not been well characterized. We confirmed that EndoB2 is critical for CME of glutamate receptors and for recruitment of clathrin to the dendritic spine cytoskeleton. Through its interaction with EndoB2, CPG2 provides a direct structural link between the CME machinery and F-actin. By acting as a physical bridge between these two functional modules, CPG2 plays a key mechanistic role in internalization of synaptic glutamate receptors. Interestingly, Arc/Arg3.1 binds dynamin II and endophilin A3, and these interactions are critical for implementing LTD [28] . Arc/Arg3.1 can also associate with F-actin, in vitro [29] . However, its potential engagement with the cytoskeleton has been predominantly attributed to a role in the adjustment of spine size that accompanies long-term potentiation and memory consolidation [30, 31] (reviewed in [3] ).
Endophilins as Part of the Endocytic Apparatus
Our data show that CPG2 binds directly to EndoB2. Endophilins have been thought to be important for early stages in the endocytic cycle, through recruiting other endocytic proteins via their SH3 domain or by inducing membrane curvature via their N-terminal BAR domain [32] [33] [34] . Recently, endophilins have been implicated in later stages of the endocytic cycle in different model systems, through their interaction with both dynamin [35] and the un-coating factor synaptojanin [36, 37] . Specifically, endophilin A2 has been implicated in clathrin-independent endocytosis [38, 39] : a specialized, dynamin-dependent fast internalization mechanism for specific extracellular cargo. These studies found little or no role for A3, B1, and B2 subtypes in clathrin-independent endocytosis. Although it is consistent with our data that the B2 subtype is involved with CME, these studies reveal an interesting phenomenon: that endophilin can distinguish between different modes of endocytosis. This could occur through interacting with different intracellular partners, depending on context. This is particularly interesting given our finding that EndoB2's role in CME is specific to activity-dependent, but not constitutive, GluR endocytosis. Because CPG2 seems to be more generally required for synaptic CME, it would likely engage a different partner for regulating constitutive glutamate receptor cycling.
Our observation that CPG2 not only recruits EndoB2 to F-actin but also anchors clathrin heavy chain at the spine cytoskeleton is consistent with a model whereby EndoB2 interfaces between CPG2 and other components of the CME machinery for activity-dependent GluR endocytosis. Loss of clathrin anchoring by CPG2 knockdown is likely secondary to loss of cytoskeletal association of EndoB2. Interestingly, deletion of synaptojanin, a well-known endocytic protein, leads to build-up of clathrin-coated vesicles [40] , similar to the phenotype of CPG2 knockdown [7] . It is unknown whether CPG2 interacts with synaptojanin directly; however, both interact with endophilins. Similarly, Arc/Arg3.1 interacts with endophilin A3 and dynamins [28] . Because CPG2 and Arc/Arg3.1 share a number of similarities with respect to expression profile and regulation of glutamate receptor internalization, it is tempting to speculate that they might function through parallel mechanisms. Whether or not these mechanisms are partially redundant, e.g., whether Arc/Arg3.1 can also bind to EndoB2, remains to be addressed.
Regulation of Activity-Dependent versus Constitutive
Receptor Internalization Arc/Arg3.1 has also been shown to be critical for activity-dependent internalization of AMPA receptors [41] [42] [43] , but not basal synaptic transmission [44] . Expression of a blocking peptide that prevents association of GluA2 with AP2, a core component of the endocytic machinery, disrupts Arc/Arg3.1-mediated receptor internalization [45] but has no effect on basal synaptic transmission [1] . Arc/Arg3.1 is also specific for evoked AMPAR, but not NMDAR, internalization [45] . In contrast, CPG2 is essential for both constitutive and activity-dependent internalization of both types of glutamate receptors [7] , but blocking its interaction with EndoB2 is detrimental for activity-dependent CME of both AMPA and NMDA receptors.
Interfering with the CPG2-EndoB2 interaction using the M2 fragment of CPG2 attenuates glutamate receptor internalization when levels of excitation are enhanced by picrotoxin blockade of inhibition or when glutamatergic synapses are directly challenged with NMDA, a paradigm of chemical LTD. Although bath application of picrotoxin and NMDA is a crude approach compared to the single synaptic activation that likely happens in vivo in the context of activity-dependent synaptic plasticity, it allows visualization of a general response to increased activity that potentially reflects the capacity of individual synapses to respond in a given scenario [46, 47] (reviewed in [48] ). The ability through EndoB2 to specifically disrupt activity-dependent glutamate receptor CME without effecting constitutive receptor cycling provides clues regarding the mechanistic relationship between these two processes that presumably engage much of the same cellular machinery.
During steady state, glutamate receptors cycle continuously between intracellular and surface compartments [49, 50] . In response to elevated neuronal activity, AMPARs get rapidly internalized [11, 51] (reviewed in [52, 53] ), leading to LTD of postsynaptic responses. NMDARs too get internalized after stimulation, although to a lesser extent [11, [54] [55] [56] [57] . Whereas constitutive versus activity-dependent internalization processes are mechanistically distinct in timing and regulation [58, 59] , it has not been clear how they are differentially regulated by an apparently ubiquitous endocytic apparatus. The requirement for CPG2 is also ubiquitous to both constitutive and activitydependent CME and both AMPAR and NMDAR. Yet, the demonstration that EndoB2 is recruited by CPG2 only for activity-dependent CME illustrates how even a general regulator of GluR CME can engage the more-ubiquitous core components of the endocytic machinery via different binding partnersdependent on cellular conditions. The ability through EndoB2 to specifically disrupt activitydependent glutamate receptor CME without affecting constitutive receptor cycling reveals another interesting aspect of their relationship. We don't see a direct effect of picrotoxin on GluA2 and GluN1 internalization but see an effect of the M2 dominant negative on their internalization in the presence of picrotoxin (also for the effect of EndoB2 KD). An interesting possibility consistent with these results is that constitutive and activity-dependent internalization of these subunits is not cumulative but rather interchangeable. Addition of picrotoxin converts constitutive to activity dependent. For GluA1, there is potentially an additional activity-dependent mechanism not shared with other subunits.
In summary, we find that, by using a specific intermediate, EndoB2, CPG2 can selectively recruit the endocytic machinery for CME of synaptic glutamate receptors only in response to synaptic activity. This provides a hint as to how the ubiquitous machinery of CME may be specifically engaged by intermediates that act only in a precise cellular context. Cellular context may be implemented by second messenger pathways that are responsive to synaptic activity, such as the PKA pathway that engages CPG2. A rich area of future investigation is how synaptic activity triggers different plasticity mechanisms that are Hebbian, such as LTP and LTD, or homeostatic, such as synaptic scaling up or down, using a finite number of molecular players.
EXPERIMENTAL PROCEDURES
All animal work was approved by the Massachusetts Institute of Technology Committee on Animal Care and meets the NIH guidelines for the use and care of vertebrate animals.
Internalization Assay
Cortical neurons from E18 Sprague-Dawley rat embryos were seeded at 4 3 10 6 cells per 10-cm dish and incubated in 2% B27 and 1% Glutamax for 15 days. Surface proteins were labeled with a cleavable biotin tag, and internalization of surface receptors was allowed for 30 min at 37 C. Remaining surface labels were stripped with TCEP at pH 7.5 and then with reduced glutathione at pH 8.7. Glutathione was quenched with 5 mg/ml iodocetamide at pH 8.7. Cells were lysed, and biotin-labeled proteins were affinity isolated with Neutravidin-covered agarose beads added to 300 mg of the cleared lysate. Where appropriate, neurons were infected with lentiviral particles to MOI > 90% 4 days prior to the assay to allow genomic insertion and robust expression of GFP, or GFP-M2.
Picrotoxin LTD Protocol
One hundred micromolar picrotoxin (Sigma) was administered to neurons during the 1-hr preincubation with leupeptin (AG Scientific; 100 mg/ml), as well as during the 30-min internalization period. Picrotoxin solution was prepared fresh in ethanol, and vehicle controls were included to rule out solvent effects.
Chemical LTD Assay
Hippocampal neurons from E18 Sprague-Dawley rat embryos were cultured for 21 days on glass coverslips in Neurobasal media with 2% B27 supplement and 1% Glutamax. Neurons were incubated with 2 mM tetrodotoxin for 1 hr and then in 10 mg/ml rabbit anti-GluA1 primary antibody (Calbiochem; PC246) for 15 min at 37 C. Cells were either fixed (surface stain only) or treated in 2 mM tetrodotoxin plus 50 mM NMDA for 4 min at 37 C, returned to the incubator in neuron conditioned media for another 15 min, and then fixed (chemical LTD protocol). Cells were stained with anti-rabbit secondary antibody coupled to Alexa Fluor 546. Pixel intensity of synaptic GluA1 clusters was analyzed using ImageJ software.
F-Actin Binding Assay F-actin binding was performed essentially as described [8] . In brief, rabbit muscle actin (Sigma) was allowed to polymerize at room temperature after addition of salt and ATP, according to the manufacturer's instructions. CPG2 and EndoB2 were in vitro transcribed and translated using an in vitro transcription and translation (TNT) mix system (Promega) and 35 S-labeled methionine (PerkinElmer).
Triton X-100 Extraction Cultured hippocampal neurons were washed with ice cold PBS and then carefully exposed to ice-cold 0.5% Triton X-100 in PBS (v/v) for 2 min on ice. Cells were fixed immediately with 4% PFA (w/v) containing 4% sucrose (w/v) for 12 min and subsequently prepared for immunocytochemistry as described [8] .
Fluorescence Microscopy and Immunocytochemistry Quantification
Images were obtained using a Nikon epifluorescent scope. All images are wide-field fluorescence and obtained with Spot Software. Quantification of immunocytochemistry was conducted using ImageJ software to obtain pixel intensity values in a linear range within regions of interest (ROI). ROIs were positioned over spine heads labeled with rhodamine phalloidin, and the corresponding staining intensity was measured from the green channel labeling either EndoB2 or clathrin heavy chain. ImageJ a.u. of fluorescence intensity for each condition were quantified relative to control arbitrary values averaged from each imaging session. 
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